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The Center for Quantum Devices (CQD) at Northwestern University, Illinois, USA, opened in June 1992, 
and since then has built a worldwide reputation for making scientific advances in the field of semiconductor 
science and technology. The CQD sees its role as providing a bridge between new technology and scientific 
knowledge, and the materials of the 21 st century. This article highlights some of the current research 
I activities at the CQD. 
T he Center for Quantum Devices (CQD) has several objectives. These include re- 
search and teaching for over 30 
PhD graduate students and post- 
doctoral fellows, providing under- 
graduate students with opportunities 
to experience the world-class semi- 
conductor fabrication technology, 
and transferring both technology 
and graduate students from the 
Center to industry. The major 
breakthroughs in the growth of 
new materials result from the ef- 
forts of researchers equipped with 
state-of-the-art research facilities 
under the direction of Prof. 
Manijeh Razeghi. Currently the re- 
search at CQD has focused on sev- 
eral key photonics technologies 
covering wavelengths from ultravi- 
olet (w, 200 nm) to infrared (IR, 
30 urn).This research includes ma- 
terial growth, characterization, pro- 
cessing, fabrication, device testing, 
modeRing and simulation, and 
transfer of the technologies to in- 
dustry. 
Al-free near-IR laser 
diodes 
High-power semiconductor laser 
diodes are currentIy driven by 
their applications in telecommuni- 
cations, medicine, materials pro 
cessing and military systems. 
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Semiconductor laser diodes emit- 
ting in the near-IR wavelength 
range (0.79-l. 1 m) are used in a 
wide range of applications, includ- 
ing optical pumping of solid-state 
lasers such as Nd:YAG lasers and 
rare-earth-materials-doped optical 
fibre amplifiers. Traditionally, a ma- 
jority of commercially produced 
diode lasers are based on alumini- 
um gallium arsenide (AlGaAs) 
semiconductor materials. How- 
ever, AlGaAs lasers are unable to 
meet all the stringent requirements 
imposed by modern applications. 
For instance, in this material one 
encounters structuml defects 
spread through the laser diode, 
forming light-absorbing clusters 
known as ‘dark lines’ and ‘dark 
spots’, which leads to laser degra- 
dation. The mirror facets of the 
laser suffer from overheating, 
which leads to local melting of the 
crystal. Special coatings can be ap- 
plied to the AlGaAs lasers to de- 
crease mirror absorption, to raise 
the catastrophic optical damage 
limit, and to prolong the reliability 
performance of the device, but this 
procedure itself can introduce 
degradation-inducing defects and 
increase production costs. 
The CQD has led the develop 
ment of the growth of aluminium- 
free indium gallium arsenide 
phosphide (InGaAsP) compounds 
covering the range of bandgaps 
used for the production of diode 
lasers emitting in the 0.79- 1.1 urn 
wavelength range. The develop 
ment of aluminium-free InGaAsP 
lasers has been made possible by 
using metalorganic chemical 
vapour deposition (MOCVD) and 
gas molecular beam epitaxy 
(GSMBE) technology. The primary 
distinguishing features of the 
InGaAsP system are the lack of 
nonradiative recombination dislo- 
cation growth, the absence of oxi- 
dation on the surface during the 
fabrication process, which allows 
the ability of regrowth, the capabil- 
ity of performing selective chemi- 
cal etching between InGaP and 
GaAs layers, and the fact that no 
special protective coatings are re- 
quired on the mirror facets.A the- 
oretical and experimental study of 
Al-free InGaAsP compounds and 
devices resulted in the optimiza; 
tion of 0.808 un~ and 0.980 pm 
laser structures exhibiting all the 
advantages of this material system 
compared with AlGaAs for high- 
power diode lasers. 
The aluminium-free InGaAsP 
lasers have demonstrated high out- 
put powers of 8 W in pulse opera- 
tion, 6 W in continuous wave (CW) 
operation and 70 W in quasi-CW 
operation in laser arrays (Figure 
la); low series resistance of 
0.01 ohms; and low transverse 
beam divergence of 26”, which is 
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Figure 7. Aluminium-free InGaAsP/GaAs uncoated lasers grown by MOCVD (a) Light-current 
characteristics of 0.806 pm (FWHM = 0.2 nm) laser array bar emitting at output power of 70 
W under quasi-CW operation (200 ps, 20 Hz). (b) Laser diode structure of a 0.8 pm 
/nGaAsP/lnGaP/GaAs, and (c) lifetime performance of 30 000 hours for seven randomly 
selected diode lasers (uncoated) under CW operation at 60°C. 
convenient for efficient laser light 
coupling into the optical fibre or 
the pumped Nd:YAG crystalThese 
results are the best values reported 
for 0.808 pm lasers. 
Modelling and experimental 
studies of 0.980 ~.lm InGaAs/ 
InGaP/GaAs lasers have also been 
performed at the CQD, which re- 
sulted in high output powers of 
1.3 W (Figure 2a) in CW operation 
at high temperatures of 100°C. 
Also, these 0.980 pm lasers have re- 
vealed very high characteristic 
temperatures of 350 K, as shown in 
Figure 2b. 
The CQD research group has 
shown the potential of InGaAsP 
lasers by demonstrating their life- 
time performance under con- 
stituent conditions. Randomly 
selective high power 0.808 pm 
InGa.AsP uncoated lasers have 
demonstrated to date a total life- 
time performance of 30 000 hours 
at 60°C (Figure lc), with no signs of 
degradation, as well as no change 
in emission wavelength, threshold 
current or differential efficiency. 
Under similar conditions, the 
InGaAs/InGaP/GaAs (h = 0.980 cun> 
lasers with anti-reflection/high-re- 
flection (AR/HR) coatings on the 
mirror facets showed no signiti- 
cant degradation of threshold cur- 
rent and efficiency after 25 000 
hours of the aging test at a con-’ 
stant output power of 1 W. 
Lasers for the mid-R 
Iasersforthemid-IR(h=3to5w) 
are important light sources with 
applications ranging from gas pol- 
lution analysis, ultralow loss optical 
fibre and free-space optical com- 
munications. However, narrow gap 
semiconductor lasers for IR emis- 
sion suffer from excessive loss 
mechanisms, such as large tun- 
nellmg currents, Auger recombina- 
tion and free-carrier absorptionAs 
a consequence, threshold current 
densities are excessive, limiting the 
temperature of laser operation.To 
date, within the III-V compounds, 
only lasers of wavelength shorter 
than 2.7 pm can operate at room 
temperature. For a wavelength of, 
for example, 3.6 pm, the highest 
operating temperature is below 
220 K.The Center has investigated 
mechanisms that increase the 
threshold current density so that 
lasers can be operated at or near 
room temperature at longer wave- 
lengths than those currently avail- 
able. InAsSb and InAsSbP materials 
are used to make double het- 
erostructures (DHs) and multiple 
quantum-well (MQW) structure 
lasers, instead of the previously 
used Al-based InGaAsSb/AlGaAsSb 
heterostructures for wavelengths 
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Figure 2. Aluminium-free InGaAs/lnGaP/GaAs uncoated lasers grown by MOCVD. (a) tight- 
current characteristics of 0.980 pm diode laser emitting at output power of 1 W under CW op- 
eration at 100°C. (b) Temperature dependence of single diode laser with characteristic 
temperature of 350 K. 
Ill-Vs Review ?? Vol.10 No. 6 1997 37 
Photo&s Feature 
38 Ill-Vs Review ??Vol.10 No. 6 1997 
Photonics Feature 
r 
I 
Figure 3. High-power InAsSbP/lnAsSb/lnAs long-wavelength lasers grown by MOCVD. (a) 
Light-current characteristics of a 3.6 pm MQW diode laser at 90 K under pulse operation 
(6 ps, 200 Hz) with cavity length of 700 pm and 100 pm-wide aperture. Inset: Lasing spectNm of 
the same diode laser emitting at 3.6 pm at 90 K. (b) Schematic diagram of an MOW 
InAsSbP/lnAsSb/lnAs laser. Ohmic contact with a width of 100 pm is formed by etching the 
InAs contact layer and depositing the Tipt/Au ohmic contact on the unetched InAs cap /aver. 
c3 pm.The InAsSb/InAsSbP system 
has been shown to have the desir- 
able band gap alignment (type I) 
and optical conftnement in the 
transverse direction, which are 
known to be problematic in other 
material systems. 
DH and MQW InAsSb/InAsSbP 
laser structures were grown on an 
InAs substrate with an EMCORF 
vertical LP-MOCVD reactor. Figure 
3 shows the output power versus 
current curves of MQW (h = 3.6 l.tm) 
lasers. High output power of 1 W 
has been demonstrated for 
InAsSb/InAsSbP/InAs ‘MQW lasers 
at T = 90 K.The maximum operat- 
ing temperature was 220 K under 
pulse operation.The inset in Figure 
3 shows a typical emission spec- 
trum of the MQW lasers at an oper- 
ating temperature of 200 K. DH 
lasers have, for the first time, 
demonstrated high differential effi- 
ciency above 80%, and low internal 
loss of 3 cm-‘.The high power emis- 
sion of 1 W and optical loss of 
3 cm-’ are at least 2-3 times better 
than the results reported up till 
now in the literature. 
QWIPs for long-wave IR 
Space-based IR photodetectors, 
which operate in the long-wave IR 
(LWIR) region (A = 5 to 15 urn), 
have many military applications 
such as missile launch detection, 
target tracking and space surveil- 
lance, as well as civilian applica- 
tions in astronomy and weather 
meteorology. Weather data that can 
be gathered in the IR include the 
identitication and measurement of 
humidity profiles, surface tempera- 
ture, vapour distribution and at- 
mospheric ozone concentration. 
Previously, mercury cadmium tel- 
luride (I-IgCdTe) photovoltaic de- 
tectors operated at a temperature 
of 40 K were used for space IR fo- 
cal plane arrays (IRFPAs). However, 
the HgCdTe detectivity and re- 
sponse wavelength are very diffi- 
cult to control for wavelengths 
> 11 urn, which results in very large 
nonuniformities. The variation in 
these parameters results in a large 
value of the minimum resolvable 
temperature difference, which seri- 
ously degrades the performance of 
large-scale IRFPAs (>256 x 256 pix- 
els). Recently AlGaAs/GaAs MQW 
detectors have been developed for 
large area arrays, utilizing the im- 
proved uniformity of III-V materi- 
als. Nonuniformities (o/mean) of 
0.02% have been reported for 
AlGaAs/GaAs MQWs, compared 
with 58.0% in HgCdTe arrays. 
However, because of large dark 
currents and low photon-toelec- 
tron conversion efficiencies, the 
performance of these MQW detec- 
tors is still not background-limited. 
A goal of the research at the 
CQD has been to reduce the dark 
current of these MQW detectors 
by using a different quantum well 
barrier material. Lattice-matched 
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Figure 4. GalnP/GaAs quantum wire IR detectors. [a) Relative response for GalnP/GaAs 
QWlPs is shown for detectors with quantum well widths of approx. 40, 45, 65 and 75 A. 
These detectors have peak response wavelengths of 10.5, 11.5, 128 and 13.3pm, respec- 
tive/x and cutoff wavelengths of up to 15 pm have been achieved. 
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GaInP/GaAs heterostructures have 
the advantages of ultralow surface 
recombination velocity, very low 
interface roughness, absence of the 
deep level traps associated with 
DX centres and oxygen defects in 
AlGaAs, and an order of magnitude 
higher electron mobility than that 
in AlGaAs. The excellent optical 
and electrical properties of 
GaInP/GaAs and GaInAsP/GaAs 
heterostructures have been 
demonstrated in such diverse de- 
vices as semiconductor lasers, het- 
erojunction bipolar transistors and 
tandem solar cells. 
The new detectors (quantum 
well intersubband photodetectors; 
QWIPs) resulting from this re- 
search have demonstmted that the 
dark current density can be re- 
duced by an order of magnitude in 
comparison with AlGaAs/GaAs 
MQW detectors with the same cut- 
off wavelength. An n-type 
GaInP/GaAs MQW detector with a 
cutoff wavelength of 15 l_tm was 
developed, having a responsivity of 
0.4A.W-’ and a quantum efficiency 
of greater than 20%. The relative 
response spectrum is shown in 
Figure 4. The detectivity @*) at 
40 K was >lO” cm Hz’/~.W-*. 
Multicolour IRFPAs using the 
GaInP/GaAs system are possible 
because of previous research on 
PtYPe GaInP/GaAs detectors, 
which demonstrated peak re- 
sponse wavelengths between 3-5 
cun. ModelEng of the dark curmnts 
and cutoff wavelengths for both p 
and n-type GaInP/GaAs QWIPs has 
also been developed as part of this 
research. As these detectors are 
grown lattice-matched on GaAs 
substrates, which have an inher- 
ently high uniformity, it is now 
possible to produce efficient 
12-20 m MQW IRFPAs using the 
GaInAsP material system. 
Uncooled-detectors 
for the LWIR 
CQD has developed novel III-V 
materials systems for LWIR detec- 
tion as alternatives to the current 
leading systems such as thermal 
detectors and II-VI systems. The 
room temperature cutoff wave- 
length of InAsSb, InTlSb, InSbBi 
and InTlP materials can be tailored 
by more than 14 fl covering the 
entire 3-14 urn optical window. 
This shows the feasibility of these 
materials systems for uncooled 
LWIR photodetector applications. 
Furthermore, new III-V systems 
are expected to benefit from their 
superior material properties and 
advanced technologies. These ad- 
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Figure 5. Spectral response of an InAsO,,$b,, photovoltaic detector up to room 
temperature, showing the extension of the photoresponse up to 13 pm. 
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vantages will lead to more robust, 
higher performance, cheaper, more 
reliable and faster detectors than 
those currently available. 
The CQD has fabricated the 
first InSb FPAs on GaAs and 
GaAs/Si substrates in collaboration 
with Lockheed Martin/Fairchild 
systems. High-quality InSb layers 
were grown on (100) (111) GaAs, 
GaAs/Si and sapphire substrates 
by MBE. Excellent epilayers with 
very low X-my FWHM (full width 
at half maximum) (-50 arsec for a 
10 lmi thick sample), high mobility 
(-135 000 cm2.V1a1 at 77 K) and 
very low photoluminescence (PL) 
FWHM (-18 meV at 77 K) have 
been obtained with excellent uni- 
formity over the entire 3” wafer. 
Highquality FPAs and IR imaging 
have also been obtained. 
For the first time, an InAsSb 
photodetector operating in the 
3- 14 lim range without cryogenic 
cooling was demonstrated at the 
CQD. The device structures have 
been optimized for higher temper- 
ature operation through theoreti- 
cal calculation and modelling. DHs 
based on the InAsSb material sys- 
tem were grown on (100) GaAs 
substrates by LPMOCVD. 
The first room-temperature 
photoresponse up to 13 l_tn~ has 
been obtamed with I~As~,,~ Sb0.85 
photodiodes, as shown in Figure 5. 
The estimated Johnson noise limit- 
ed detectivity at 10.6 pm was about 
3.3 x 107 cm. Hz”*.W-’ at 300 K. 
The calculated R& (zerobias resis 
tance-area) product of the detectors 
was close to the theoretical limit at 
300 K. 
As an alternative to the InAsSb 
material system, the CQD has also 
developed novel material systems: 
InTlSb and InSbBi. InTlSb has been 
successfully grown for the first 
time by LPMOCVD. Extension of 
the cutoff wavelength of the 
InTlSb alloys has been clearly 
demonstrated (Figure Ga).The mea- 
sured responsivity was about 
6.6 VW-‘, corresponding to an esti- 
mated detectivity of about 7.6 x 
lo* cm.Hz1/2.W-1. The first opera- 
tion of InTlSb photodetectors up 
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Pgure 6. The normalized spectral response of (a) ln,,TI,Sb and (b) InSb,_J3ix photoconductors at 77 K. Extension of cutoff wavelength is 
clearly shown as the TI and Bi compositions increase. 
to room temperature has also been 
demonstrated with a cutoff wave- 
length of about 11 pm.The success- 
ful growth of InSbBi alloys was 
also achieved and their usefulness 
for photodetector applications 
demonstrated. The 77 K cutoff 
wavelength of InSbBi detectors is 
extended to 9 unt as the Bi incor- 
poration is increased (Figure 6b). 
Ill-nitrides 
III-nitrides, such as AlN, GaN, InN 
and their alloys, are the most 
promising semiconductor materi- 
als for photonic device applica- 
tions in the visible to UV spectral 
range because of their unique 
physical properties. The advan- 
tages of III-nitrides in comparison 
with other material systems in- 
clude their wide direct bandgaps, 
tunability from 1.9 eV (-650 nm) 
to 6.2 eV (-200 nm) by varying the 
AlGaInN alloy composition, robust- 
ness, chemical stability, high ther- 
mal conductivities and the 
possibility to achieve large hetero- 
junction band offsets. 
The CQD has been developing 
the growth of III-nitride materials 
by MOCVD. Several substrate mate- 
rials have been investigated and 
compared for the growth of III- 
nitrides, including several orienta- 
tions of sapphire, GH-Sic, (100) and 
(111) Si, (111) GaAs and (001) 
LiGaO,. The experimental work 
has been complemented by crys- 
tallographic models and the CQD 
has shown that the most suitable 
substrate at this time is basal 
plane sapphire. Investigations have 
shown that a limited in-plane co- 
herence length was the primary 
cause for the X-ray diffraction peak 
broadening in GaN thin fihns on 
sapphire substrates. 
The origin of the commonly ob- 
served deep-level associated yel- 
low luminescence emission in GaN 
thin films has been studied; this 
has been attributed to Ga vacan- 
cies and these defects have been 
reduced by further optimizing the 
growth conditions. 
After optimization of the 
growth conditions, the group has 
achieved uniform AlxGat_xN thin 
films on up to 2” diameter sapphire 
substrates with smooth surface 
morphologies and controlled alloy 
composition in the complete range 
from GaN (x = 0) to AlN (x = 1). 
All the AlxGal_xN films exhibited 
the narrowest X-ray diffraction 
linewidths ever reported on sap 
phire substrates, e.g. 30 arcsecs for 
GaN epilayers and 100 arcsecs for 
AlN epilayers. The quality of the 
films and interfaces was further 
confirmed by Pendellossung oscil- 
lations observed in the diffraction 
spectra of both GaN and AlN thin 
ftlms.The CQD is the only research 
group to have reported such oscil- 
lations for AlN films. 
The sharpness of the interfaces 
has also been demonstrated by the 
presence of satellite peaks in the 
x-ray diffraction spectra of 
GaN/AlxGa_N-based superlattices, 
as measured in the ‘open detector 
mode’. The CQD has successfully 
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Figure 7. Optically pumped stimulated 
emission from single layer GaN:Ge using 
surface pumping geometry Above the 
threshold pumping density, the emission 
linewidth (FWHM,) decreases and intensity 
increases suddenly, indicating the occur- 
rence of stimulated emission. 
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Figure 8. Relative photoresponse of AlxGa,_.J photoconductors over the entire composition 
range (0 < x < 1) with sharp cutoff wavelengths from 355 nm to 200 nm. 
n-type and p-type doped AI,Ga,,N edge PL linewidths (~17 meV at 77 
thin films, and achieved the high- K) from GaN epilayers. Optically 
est optical quality %Ga,_$l epilay- pumped surfaceemitting stimulat- 
ers, as demonstrated by the sharp ed emission from GaN:Ge (Figure 
cutoffs in the optical absorption 7) and AlGaN/GaN heterostruc- 
spectra and the narrowest band- tures have been demonstrated at 
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Figure 9. Capacitance-voltage (C-v) curves Ibr the Ti/AIN/Si metal-insulator-semiconductor 
(MIS) structure at different frequencies: 50 Hz, I kHz, 10 kHz and 100 kHz. Changing from 
positive to negative biases, the capacitor successfully exhibited accumulation, depletion, 
weak and strong inversion at both high and low frequencies. C,,,.JC,.,,r,, = 9 is obtained. The 
frequency dispersion from Va = 0 to 2 V is caused by the interface trapped charge. A 
separate calculation based on the measurement showed that the interface trap level density 
in the upper half bandgap of n-type Si is around lOI cm-Z.eVi. 
300 K. Threshold pumping densi- 
ties of lower than 0.4 MWcm-* 
have been achieved for het- 
erostructures using this pumping 
geometry. 
U~~esehighqualityAl&_$J 
thin films, the CQD has demon- 
strated kGa,,N UV photocon- 
ductors with tailored cutoff wave- 
lengths from 365 nm down to 200 
nm (Figure 8) by controlling the 
ternary composition from GaN to 
AlN. Finally, by using highquality 
AlN on silicon substrates, a high- 
performance metal-insulator-semi- 
conductor (MIS) device has been 
successfully fabricated, as shown 
by the capacitance-voltage in 
Figure 9. 
The range of optical wave- 
lengths for the photonic devices 
investigated at the CQD is as wide 
as the spectrum of sophisticated 
technologies and science involved 
in the research. As described 
above, the approach taken at the 
Center for Quantum Devices has a 
highly interdisciplinary character, 
utilizing a wide range of knowl- 
edge from growth of highquality 
single crystals, fabrication and 
characterization, to modelling and 
interpretation of experimental 
results. 
In short, the research spirit of 
the CQD can be summarized as the 
extension of the scope of photon- 
its through the development of 
new scientific knowledge and 
technologies as well as innovative 
materials. 
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